Problem-Infection during pregnancy represents a significant cause of mobility and mortality. While viruses pose a major threat, little is known about their effect on early pregnancy, or the mechanisms involved. The objective of this study was to characterize the trophoblast response following exposure to viral ssRNA.
INTRODUCTION
An intrauterine infection can significantly influence pregnancy outcome. Bacterial and viral infections can gain access to the maternal-fetal interface by one of three major routes: via the maternal circulation; by ascending into the uterus from the lower reproductive tract; or by descending into the uterus from the peritoneal cavity 1, 2. There is now a strong clinical association between bacterial infections and preterm labor, particularly in those delivering before 30 weeks of gestation 1 , 3 , 4. Other complications, such as preeclampsia and intrauterine growth restriction (IUGR), may also have an underlying infectious element 5 -8. While less is known about the impact viral infections have on pregnancy outcome, their potential role in pregnancy-related complications have been realized more recently, from clinical studies. In addition to the potential for vertical transmission, resulting in fetal infection and developmental complications, viral infections during pregnancy, such as Cytomegalovirus (CMV), Parvovirus B12, Herpes virus, Adeno-associated virus, influenza, and rubella virus, have all been associated with preterm delivery, spontaneous miscarriage, still birth, and preeclampsia 8 -16 .
The way in which infections can negatively impact pregnancy is thought to involve innate immune responses towards the microorganism, which inadvertently leads to excessive inflammation or apoptosis at the maternal-fetal interface 17 , 18 . Studies focusing on the mechanisms involved have implicated innate immune pattern recognition receptors (PRRs), such as the Toll-like receptors (TLRs), as playing a key role in infection-related pregnancy complications. Indeed, gestational tissues such as the placenta, the decidua, and the fetal membranes, can recognize and respond to microbes at the maternal-fetal interface through PRRs (reviewed in 19) . Moreover, animal models have demonstrated a role for TLRs in mediating inflammation-associated pregnancy complications triggered by bacteria or bacterial components 20 -23. More recently, in vivo studies have suggested that TLRs may also be involved in preterm delivery and pregnancy failure induced by viral components 22, 24, 25 . Nonetheless, little is still known about the effects of viral infections on early human pregnancy, or the mechanisms involved.
We previously described the function of TLR3 in human first trimester trophoblast cells in response to Poly(I:C), a synthetic analogue of viral dsRNA. Activation of TLR3 induces a rapid, potent, and highly specific pro-inflammatory and anti-viral response in first trimester trophoblast cells 24, 26 , 27 . These studies suggest that the trophoblast are able to recognize and specifically respond to viral dsRNA in a highly regulated fashion, and this may be important for the control of certain viral infections at the maternal-fetal interface. Since nothing is known about TLR8 function in early pregnancy, the objective of this study was to characterize the response of first trimester trophoblast cells following exposure to the TLR8 agonist, viral ssRNA.
Materials and Methods

Patient samples
First trimester placentas (8 -12 weeks) were obtained from elective terminations of normal pregnancies performed at Yale-New Haven Hospital. All patients signed consent forms and the use of patient samples was approved under Yale University's Human Investigations Committees.
Reagents and antibodies
The TLR8 agonist, viral ssRNA40/LyoVec (ssRNA) was purchased from Invivogen (San Diego, CA). The mouse anti-XIAP mAb (#610716) and the mouse anti-Bax mAb (#610982) were obtained from BD Transduction Labs (San Diego, CA), and the rabbit-anti-Bid polyclonal antibody (#2002) was purchased from Cell Signaling Technology (Danvers, MA). The mouse mAb for ®-actin was purchased from Sigma. Specific signals were detected using either a peroxidase-conjugated horse anti-mouse, or a peroxidase-conjugated goat anti-rabbit secondary antibody (Vector Laboratories). Human recombinant IFNβ was purchased from PBL Interferon Source (Piscataway, NJ).
Culture of cell lines
All cells were maintained at 37°C/5% CO2. Two first trimester trophoblast cell lines were used in these studies. The human trophoblast cell line, 3A, which was transformed by SV40 28 , 29. The human trophoblast cell line, HTR8 (referred to from hereon as H8) which was also transformed by SV40 30 was a kind gift from Dr Charles Graham (Queens University, Kingston, ON, Canada). The monocytic cell line, THP-1, was a gift from Dr Paul Guyre (Dartmouth Medical School, Lebanon, NH). All cell lines were cultured in RPMI 1640 (Gibco) supplemented with 10% fetal bovine serum (Hyclone, South Logan, UT), 10mM Hepes, 0.1mM MEM non-essential amino acids, 1mM sodium pyruvate, 100nm penicillin/ streptomycin (Gibco).
RT-PCR
Total RNA was isolated from first trimester placenta, the trophoblast cells lines and THP-1 cells using the Rneasy kit from Qiagen (Valencia, CA). Reverse transcription was performed on 5⎧g of total RNA using the First Strand cDNA Synthesis kit from Amersham Biosciences (Buckinghamshire, UK) according to the manufacturer's directions. The primers used for amplification of human TLR8 have been described previously 31 and have the following sequences:5'-CAGAATAGCAGGCGTAACACATCA-3', 5'AATGTCACAGGTGCATTCAAAGGG-3'. 35 cycles of PCR were performed at 94° for 30 seconds, 55°C for 30 seconds and 72°C for 1 minute. The size of the product was 581bp.
Cell viability assay
The effects of viral ssRNA or conditioned media (CM) on trophoblast cell viability was determined using the CellTiter 96™ viability assay (Promega, Madison, WI), as previously described 32 . First trimester trophoblast cells were plated in wells of a 96 well plate at 1 × 10 4 cells per well in growth media and cultured until 70% confluent. The media was then replaced with the reduced serum medium, Opti-MEM (Gibco) and cultured for another 4 hours prior to treatment. Following treatment, the CellTiter substrate, MTS tetrazolium, was added to all wells and following a 1-4 hour incubation at 37°C, optical densities were read at 490nm. All samples were assayed in triplicate and cell viability was presented as a percentage relative to the no treatment (NT) control.
Hoechst Staining
Apoptosis was monitored by Hoechst Staining as described previously 29 . Following treatment with or without ssRNA, the trophoblast cells were incubated for 20 minutes with Hoechst 33342 dye (Molecular Probes) at 5⎧g/ml. The cells were then analyzed by fluorescent microscopy.
Caspase activity assay
The effects of viral ssRNA or recombinant IFN® on trophoblast caspase activity was determined using the Caspase-Glo™ assay (Promega, Madison, WI). Briefly, 10⎧g of whole cell lysates were incubated at room temperature in the dark for 1 hour with either the caspase-3, caspase-8, or caspase-9 substrate. Following incubation, luminescence was measured using a TD-20/20 luminometer (Turner Designs, Sunnyvale, CA). The amount of luminescence detected as relative light units (RLU) was proportional to caspase activity. All samples were assayed in triplicate.
Western blot analysis
For analysis of intracellular apoptotic proteins, cells were lysed using 1% NP40 and 0.1% SDS in the presence of protease inhibitors (Roche, address). Protein concentrations were calculated by BCA assay (Pierce Biotechnology, Rockford, IL). Proteins were then diluted with gel loading buffer to 20⎧g and boiled for 5 minutes. Proteins were resolved under reducing conditions on 12% SDS-PAGE gels and then transferred onto PVDF paper (PerkinElmer, Boston, MA). Membranes were blocked at room temperature for 1 hour with 5% fat-free powdered milk (FFPM) in PBS/0.05% Tween-20 (PBS-T). Following three washes for 10 minutes each with PBS-T, membranes were incubated overnight at 4°C with primary antibody in PBS-T/1% FFPM. The anti-XIAP mAb was used at a 1:1000 dilution, the anti-Bax mAb at a 1:500 dilution and the anti-Bid polyclonal at a 1:2500 dilution. Following this incubation, membranes were washed three times as before and then incubated at room temperature for 1 hour with the appropriate secondary antibody conjugated to peroxidase at a 1:10,000 dilution in PBS-T/1% FFPM. Following three washes for 10 minutes each with PBS-T and three washes for 10 minutes each with distilled water, the peroxidase-conjugated antibody was detected by enhanced chemiluminescence (PerkinElmer). ®-actin was used as internal control, in addition to Ponceau Red, to validate the amount of protein loaded onto the gels.
Cytokine studies
Trophoblast cells were treated with or without viral ssRNA. Following a culture of 12 -48 hours, the cell-free supernatants, also termed conditioned media (CM), were collected by centrifugation at 400g for 10 minutes and stored at −80°C until analysis was performed. The supernatants were evaluated by multiplex analysis using the BioPLex assay (BioRad) for the following cytokines/chemokines: IL-1®, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12 (p70), IL-13, IL-17, G-CSF, GM-CSF, GRO-〈, IFN©, MCP-1, MIP-1〈, RANTES and TNF〈. Detection and analysis were performed using the Luminex 100 IS system (Upstate Biotechnology, Charlottesville, VA). The levels of IFN〈 and IFN® in the culture supernatants were measured using specific ELISAs (PBL Interferon Source).
Statistical analysis
Experiments were performed at least three times, and where appropriate, assayed in triplicate. Data are expressed as mean ± standard deviation (S.D.) of either representative or pooled experiments. Statistical significance (p< 0.05) was determined using either the one-way ANOVA with the Bonferroni correction for multiple comparisons, or the paired student's ttest.
RESULTS
Viral ssRNA reduces first trimester trophoblast cell viability
Our first objective was to determine the effect of viral ssRNA on the first trimester trophoblast cell lines, H8 and 3A. As shown in Figure 1 , treatment of both trophoblast cell lines with viral ssRNA resulted in a significant time-( Figure 1A ) and dose-( Figure 1B ) dependent decrease in cell viability. Interestingly, after 24 hours of treatment with ssRNA at 25⎧g/ml, and 48 hours of treatment with ssRNA at 5⎧g/ml, the 3A cells were more sensitive to the ssRNA in terms of cell viability when compared to the H8 cells.
Viral ssRNA induces trophoblast apoptosis
Our next objective was to determine whether the decrease in trophoblast cell viability induced by viral ssRNA was a result of the induction of apoptosis, rather than a cytotoxic effect. Hoechst staining revealed that treatment of the trophoblast cells with viral ssRNA resulted in DNA condensation, a change in morphology, and fragmented nuclei; all of which are indicative of apoptosis ( Figure 2 ). To further confirm that the viral ssRNA was indeed triggering trophoblast apoptosis, cells were incubated with or without the ssRNA, after which protein was extracted from cell lysates, and caspase activation was determined using an activity assay. As shown in Figure 3 , treatment of both trophoblast cell lines with viral ssRNA significantly increased trophoblast caspase-3, caspase-8, caspase-9 activity, with levels peaking at 12 hours post treatment. By 24 hours post-treatment, caspase activity in the ssRNA treated cells was significantly lower than the no treatment (NT) controls ( Figure 3A) . Using Western blot analysis, this pro-apoptotic effect of the viral ssRNA was shown to involve the mitochondrial pathway. Following treatment with ssRNA, we observed a decrease in total Bid expression (22kDa), and activation of Bax, evidenced by appearance of the 18kDa active cleavage product. Viral ssRNA-induced trophoblast apoptosis also involved inactivation of the X-linked inhibitor of apoptosis, XIAP, as evidenced by the appearance of the 30kDa inactive cleavage product and a reduction in the active 45Da form (Figure 4 ). Viral ssRNA upregulates trophoblast pro-inflammatory cytokine production and induces a type I interferon response TLR8 has been shown to recognize viral ssRNA in immune cells 33 . Upon binding to TLR8, viral ssRNA induces an inflammatory cytokine response 33 . While term placental tissue and BeWo choriocarcinoma cells have been shown to express TLR8 mRNA [34] [35] [36] [37] , nothing is known about TLR8 expression in first trimester trophoblast cells. Therefore, we sought to determine the expression of TLR8 in first trimester placenta and first trimester trophoblast cells by RT-PCR. As shown in Figure 5 , both the placental tissue, and the two first trimester trophoblast cell lines expressed TLR8 mRNA. Next the effects of viral ssRNA on trophoblast cytokine and chemokine production, as result of binding to TLR8, was determined. As shown in Figure 6 , treatment of trophoblast cells with viral ssRNA induced a highly specific cytokine response, with only IL-8 and IL-6 production being increased in a dose and time-dependent manner (Figure 6 A, B &C) . All other cytokines and chemokines tested by multiplex analysis were not significantly different from the no treatment (NT) control (data not shown).
Having found that viral ssRNA was in fact triggering an inflammatory response, in addition to the pro-apoptotic response, we hypothesized that factors induced by TLR8 activation may trigger the apoptotic effect observed with ssRNA treatment. Since TLR8 is also known to trigger a type I interferon response in other cell types 33, and we previously reported that TLR3 activation by viral dsRNA triggers first trimester trophoblast cells to produce IFN® 26 , supernatants were also evaluated for IFN〈 and IFN® by ELISA. While IFN〈 was undetectable in the supernatants (data not shown), treatment of trophoblast cells with viral ssRNA induced a strong IFN® response ( Figure 6D) . Interestingly, the levels of IFN® secreted by the trophoblast after TLR8 stimulation were at least 10-fold greater than the IFN® response induced by TLR3 activation 26 .
Viral ssRNA-triggered inflammation induces first trimester trophoblast cell death
First trimester trophoblast cells are sensitive to TNF〈 and IFN©-induced apoptosis 38. While the type I interferons, IFN〈 and IFN® can induce apoptosis in neuronal cells and tumor cells 39 ,40 , nothing is known about their effects on trophoblast survival. Since we found viral ssRNA to upregulate the trophoblast's production of IFN®, we hypothesized that this type I interferon might be responsible for the ssRNA-induction of trophoblast cell death and apoptosis by acting back on the cells in an autocrine/paracrine manner. To test this, we took the supernatants from trophoblast cells treated with or without viral ssRNA (5⎧g/ml), now termed conditioned media (CM), and then exposed a new culture of trophoblast cells to this CM. The CM was diluted to 50% with media, thus the maximum residual ssRNA concentration was 2.5⎧g/ml, a concentration, that alone, does not induce cell death ( Figure 2B ). After 96 hours, trophoblast viability was evaluated. The CM from trophoblasts treated with the ssRNA (CM/ssRNA) caused a significantly greater reduction in trophoblast cell viability than the CM from untreated trophoblasts (CM/NT) ( Figure 7 ).
IFN® induces first trimester trophoblast apoptosis
Having established that a soluble factor(s) produced by the trophoblast, following exposure to viral ssRNA, induced cell death, we questioned whether the ssRNA-induced apoptosis could be IFN®-mediated. To test this, we exposed first trimester trophoblast cells to recombinant human IFN® and assessed caspase activity. As shown in Figure 8 , treatment of trophoblast with IFN® resulted in a significant increase in (i) caspase-3, (ii) caspase-8, and (iii) caspase-9 activity when compared to the no treatment (NT) control.
DISCUSSION
There is compelling evidence to suggest that viral infections may have detrimental effects on pregnancy, however, our knowledge of placental responses to viral products is still limited. In this study, we demonstrate for the first time, that viral ssRNA induces both inflammation and apoptosis in first trimester trophoblast cells, and that these outcomes are mechanistically connected. We have found that viral ssRNA triggers trophoblast cells to produce a highly restricted panel of chemokines, cytokines and type I interferons, which act back on the cells in an autocrine/paracrine manner to induce apoptosis and cell death. Our findings provide a novel mechanism by which certain viral infections might compromise placental integrity and function, and therefore, pregnancy outcome.
Viral infections pose a significant threat to both pregnancy outcome and fetal development. Many viruses that gain access to the maternal-fetal interface can infect the placenta 41 , and fetal developmental problems can arise from a viral infection during pregnancy. Strong candidates for such fetal abnormalities include CMV, rubella virus and influenza 14, 42 . Furthermore, clinical studies have linked these, and other, viral infections to adverse pregnancy outcomes, such as spontaneous miscarriage and preterm delivery [8] [9] [10] [11] [12] [13] [14] [15] [16] . These observations, coupled with recent animal studies 22, 24, 25 , suggest that an innate immune response to a virus at the maternal-fetal interface may provide the basis for such obstetrical complications.
We previously reported the function of TLR3 in first trimester trophoblast cells. In response to viral dsRNA, first trimester trophoblast cells generate a strong pro-inflammatory cytokine/ chemokine response, but also a robust anti-viral response, suggesting that the placenta may provide some level of host defense against invading viral infections 24, 26, 27 . In this current study, we sought to examine the function of TLR8 in response to viral ssRNA in first trimester trophoblast cells. Similarly to TLR3 activation, we found that TLR8 stimulation by viral ssRNA triggered the trophoblast to generate a pro-inflammatory cytokine/chemokine response. However, unlike activation of the pattern recognition receptors: TLR3, TLR4, Nod1, or Nod2, which induce first trimester trophoblast cells to upregulate a range of cytokines and chemokines in response to their pathogenic agonists 24, 26, 27, 29, [43] [44] [45] , viral ssRNA triggered a highly restricted panel of factors. The only cytokines/chemokines that we found to be upregulated following treatment with viral ssRNA were IL-6, IL-8, and the type I interferon, IFN®. In a recent study by Patni et al., treatment of term placental explants, with viral ssRNA, also led to elevated IL-6 and IL-8 production, but not TNF〈 or IL-10. However, the production of IFN® was not tested in this study 36 . Nonetheless, these observations support our findings of ssRNA modulation of IL-6 and IL-8 in first trimester trophoblast cells. Moreover, studies using CMV have shown that viral infection of first trimester trophoblast cells also upregulate IL-6 and IL-8 46, 47 . Our observation that viral ssRNA also induces a strong IFN® response in the trophoblast is in keeping with the ability of the placenta to generate a specific anti-viral response. Studies from our lab, as well as others, have previously shown that viral products and viral infections trigger the trophoblast to produce type I interferons 26, 48, 49 .
While we found that viral ssRNA triggered a strong inflammatory response in the trophoblast, in parallel to this, viral ssRNA triggered trophoblast cell death and apoptosis. This involved activation of the caspase pathway; activation of the pro-apoptotic proteins, Bid and Bax, which act on the mitochondria; and inactivation of the inhibitor of apoptosis, XIAP. This finding is supported by a recent study which showed that the ssRNA virus, H3N2 influenza, induces first trimester trophoblast apoptosis 50 . Next, we questioned the mechanism involved and postulated that the ssRNA-induced cytokine response was acting back on the trophoblast in a paracrine/ autocrine manner to induce apoptosis. Conditioned media from viral ssRNA-treated trophoblast cells induced higher levels of trophoblast cell death than the control conditioned media, suggesting that a soluble factor produced by the cells after TLR8 stimulation may be responsible. Since IL-8 and IL-6 are normally constitutively produced by first trimester trophoblast cells, and are commonly upregulated after microbial stimulation without inducing cell death 28, 43, 45 , we focused on the possibility that the secreted IFN® was acting in a proapoptotic manner. Indeed, treatment of the trophoblast cells with recombinant IFN® induced trophoblast apoptosis, as evidenced by increased levels of caspase activity. While high levels of recombinant IFN® were required to induce this apoptotic response, exposure of trophoblast cells to viral ssRNA triggered a high level of IFN® production, at least 10-fold more than that induced by TLR3 activation 26 . This may explain why TLR3 stimulation by dsRNA induces trophoblast inflammation, but not apoptosis. A study by Jung et al., showed that TLR4 activation of mouse microglial cells resulted in IFN® production, which in turn induced microglial apoptosis 51 , and IFN® has been shown to induce apoptosis in various human tumor cell lines 52 . Moreover, Chan et al., demonstrated that CMV can indirectly induce apoptosis in term trophoblast cells by activating TLR2 and inducing production of the pro-apoptotic cytokine, TNF〈 53 . Therefore, our findings suggest that TLR8 activation by viral ssRNA indirectly induce first trimester trophoblast apoptosis via the production of IFN®, a mechanism that is very different from TLR2-mediated apoptosis in response to bacterial components 28, 29 .
In summary, we have demonstrated that viral ssRNA induces a pro-inflammatory cytokine/ chemokine, and type I interferon response in the first trimester trophoblast. Furthermore, through the production of IFN®, this inflammatory process indirectly induces trophoblast apoptosis and cell death. These results provide a novel mechanism by which certain viral infections might compromise placental integrity and function. By triggering an intense proinflammatory and pro-apoptotic placental response to a viral infection at the maternal-fetal interface may trigger obstetrical complications like preterm delivery, spontaneous miscarriage, or preeclampsia. (A) The first trimester trophoblast cells, 3A, were incubated with either no treatment (NT) or ssRNA (25⎧g/ml) for 4, 8, 12 or 24 hours, after which cell lysates were prepared and: (i) caspase-3; (ii) caspase-8; and (iii) caspase-9 activities were determined using the Caspase-Glo assay. (B) H8 cells were incubated with either no treatment (NT) or ssRNA (25⎧g/ml) for 12 hours, after which caspase-3, caspase-8 and caspase-9 activities were determined. Bar charts show caspase activity in relative light units (RLU). Viral ssRNA significantly increased trophoblast cell caspase-3, caspase-8 and capsase-9 activity, with levels peaking after 12 hours of treatment. *p<0.05; **p<0.001 relative to the NT control. Data are representative of at least three independent experiments. First trimester trophoblast cells (H8) were treated with no treatment (NT) or ssRNA (5⎧g/ml) for 48 hours, after which the cell-free conditioned media (CM) was collected. A fresh culture of H8 cells were then incubated with either: no treatment (NT); 50% of CM from untreated trophoblast cells (CM/NT); or 50% of CM from trophoblast cells treated with ssRNA (CM/ ssRNA). After 96 hours, cell viability was determined using the CellTiter™ assay. *p<0.05 and **p<0.001 relative to the NT control, unless otherwise indicated. Data are representative of at least three independent experiments. First trimester trophoblast cells (H8) were treated with no treatment (NT) or recombinant human IFN® (10,000U/ml) for 72 hours, after which (i) caspase-3; (ii) caspase-8; and (iii) caspase-9 activities were determined. *p<0.001 relative to the NT control. Data are from four independent experiments.
